To assess the incidence of vocal fold immobility (VFI) after cardiothoracic surgery in children and to determine the factors potentially associated with this outcome.
T

HE MOST COMMON ETIOLO-
gies of pediatric vocal fold immobility (VFI) are birth trauma, neurological disease, and iatrogenic or idiopathic causes. [1] [2] [3] [4] [5] [6] In their 2000 retrospective medical record review of 102 consecutive pediatric patients with VFI, Daya et al 2 reported that the most frequent etiology was iatrogenic (43%), particularly associated with cardiothoracic surgery (33 of 44 iatrogenic cases).
The recurrent laryngeal nerve (RLN) branches off the vagus nerve at the level of the subclavian artery on the right side and at the level of the aortic arch on the left side in children with normal leftsided aortic arch anatomy. The right RLN travels medially and then inferiorly relative to the subclavian artery, loops under its proximal part, and ascends medially toward the larynx. The left RLN descends medially and passes left of the remnant of the ductus arteriosus and then ascends medially toward the tracheoesophageal groove. 7 Possible mechanisms of VFI following a cardiothoracic procedure include the following: compression of the RLN or its anterior branch by a cuffed endotracheal tube 8 ; mechanical laryngeal trauma resulting in dislocation and subluxation of the cricothyroid or cricoarytenoid joints 9 ; median sternotomy and excessive sternal traction resulting in the application of longitudinal strain to both RLNs via forces generated from the lateral traction of both subclavian arteries 10 ; compression of the RLN on the tracheoesophageal groove by a transesophageal echocardiographic probe 11 ; and thermal trauma from topical cardioprotective cooling or electrocautery 12 ; as well as direct surgical injury by stretching or cutting the RLN.
Previous retrospective studies [13] [14] [15] [16] observed a 2.8% to 8.8% prevalence of VFI following cardiothoracic surgery among children. In these cohorts, only symptomatic children had their larynx examined. Because a child with VFI can be asymptomatic or mildly symptomatic, 17, 18 the incidence of VFI in the previous retrospective studies was likely underestimated. More recently, 4 prospective studies [17] [18] [19] [20] observed VFI prevalences of 9.1% to 52.2% among children who underwent cardiothoracic procedures. The higher prevalence observed in prospective studies is partially explained by the fact that every child had his or her larynx examined following the cardiothoracic procedure, regardless of the presence of laryngeal symptoms.
No study to date has performed vocal fold assessment before and after a cardiothoracic procedure in children. In a child with a postoperative diagnosis of VFI in whom vocal fold motion was not assessed before surgery, one cannot rule out other possible causes, such as birth trauma, 21 familial syndromes, 22 or previous cardiothoracic procedures, as well as cardiovocal syndrome (in which a hypertensive pulmonary artery compresses the left RLN between the aorta and the trachea). 23 The primary objective of this study was to assess the incidence of VFI after cardiothoracic surgery. A secondary aim was our attempt to determine the factors potentially associated with this outcome.
METHODS
STUDY DESIGN
All pediatric patients who underwent cardiothoracic surgery at BC Children's Hospital, Vancouver, British Columbia, Canada, between November 19, 2008, and August 19, 2009 , were included in the study. Patients were excluded if preoperative flexible laryngoscopy was not performed because of endotracheal intubation before surgery. Informed consent for flexible laryngoscopy was provided. This study initially received institutional approval as a quality assurance review, and full ethics approval subsequently was obtained from the institutional review board.
Flexible laryngoscopy was performed immediately before surgery in the operating room and within 72 hours after extubation using a laryngoscope with an external diameter of 2.4 mm (ENT-1000; Vision-Sciences, Inc, Orangeburg, New York). The laryngoscope was attached to a microcamera and a recording system that permitted storage of the video stream images. All videos were reviewed by one of us (F.K.K.) to confirm the presence or absence of vocal fold movement.
The following information was obtained from each patient's medical record: (1) baseline demographics, including date of birth, age at surgery, weight at surgery, and cardiothoracic diagnosis, and (2) factors potentially associated with the outcome of VFI, including use of cautery, topical cooling, circulatory arrest, duration of intubation, use of cardiopulmonary bypass, surgical site (sternotomy vs thoracotomy), intraoperative transesophageal echocardiography (TEE) monitoring, and dissected structures (patent ductus arteriosus [PDA] , aortic arch, descending aorta, ascending aorta, main pulmonary artery, left pulmonary artery, and right pulmonary artery).
Following surgery, the 2 operating surgeons ( J.G.L. and A.I.C.) recorded whether the RLN was visualized during surgery and what their impression was of possible injury to the RLN. The presence of laryngeal symptoms, including stridor, hoarseness, and strength of cry, was documented following extubation. The investigator (L.F.C.) was not blinded to symptoms at the time when vocal fold movement was assessed.
STATISTICAL ANALYSIS
Descriptive statistics were used to characterize the 2 study groups. Age and weight are given as medians (interquartile ranges) and categorical variables as absolute frequencies (percentages). The Mann-Whitney nonparametric test was used for variables with asymmetrical distribution. Relative risks (95% confidence intervals) were calculated to indicate the univariate strength of association. Logistic regression analyses were performed with factors that were significantly associated with VFI on univariate analysis and with others that were deemed clinically important.
RESULTS
Between August 19, 2008, and November 19, 2009 , 161 children underwent cardiothoracic surgery at BC Children's Hospital. Among 161 children, 24 (14.9%) could not have their larynx examined before surgery because of endotracheal intubation, and 4 (2.5%) had VFI before surgery and were excluded from the study. Of the remaining 133 children, 25 (18.8%) had no consent by a legal guardian, and 8 (6.0%) were not examined before surgery because the investigating team (L.F.C., F.K.K., and M.F.) was not notified of a cardiothoracic procedure. The remaining 100 children were included in the study.
Of these 100 children, 41 were female, and 59 were male. At the time of surgery, their median age was 7.5 months (interquartile range, 3.8-34.7 months), and their median weight was 7.3 kg (interquartile range, 4.8-14.9 kg). Thirty-two children had undergone a previous cardiothoracic procedure.
UNIVARIATE ANALYSIS
The prevalence of VFI following cardiothoracic surgery was 8.0% (95% CI, 2.5%-13.4%). All 8 VFI cases were unilateral and left sided. Children without VFI were older and heavier at the time of surgery ( Table 1) . One surgeon ( J.G.L.) performed 59% of the surgical procedures, and the other surgeon (A.I.C.) performed 41.0%. No difference in VFI frequency was observed between patients operated on by the 2 surgeons. Monopolar cautery was used for dissection and hemostasis in all patients with VFI ( Table 2) . On univariate analysis, factors statistically significantly associated with VFI were circulatory arrest and dissection or ligation of the PDA, left pulmonary artery, right pulmonary artery, or descending aorta. The probability of VFI after surgery was increased among children whose surgeon had the impression that there was injury to the RLN during sur- gery and among children who demonstrated stridor, weak cry, and hoarseness. Notably, there was a higher chance of VFI whenever the RLN was visualized by the cardiac surgeon.
One of 8 children with VFI died of cardiac surgery complications during subsequent admission. Recovery of vocal fold movement was observed in 3 of the remaining 7 children on assessment at 3 months' follow-up. No differences in possible associated factors were observed between the 3 children who recovered and the 4 children who did not recover.
MULTIVARIATE ANALYSES
To explore whether the variables identified in the univariate analysis would still provide evidence of association when combined with other factors, several exploratory logistic regression analyses were undertaken. The initial analysis included the variables thought to be the most relevant, including visualization of the RLN, surgical impression of injury to the RLN, dissection of the PDA or left pulmonary artery, and stridor following extubation. While all 5 variables showed a potential association in the univariate analyses, this disappeared when all 5 variables were included in the same model. The most likely explanation is the few patients with VFI. Removing the 2 least significant variables from this group did not improve the model. The next logistic regression model looked at the effect of patient age and dissection of the PDA on VFI. Age was not important, but dissection of the PDA showed promise of association, although it was not statistically significant. Classification into patients with mobile vs immobile vocal folds did not change the results from the null model (ie, no variables were added). Finally, a composite variable was constructed comprising dissection of the left and right pulmonary arteries and descending arch. If any one underwent dissection, the new variable recorded a dissection. The final model entered dissection of the PDA as the composite variable and cautery with VFI as the dependent variable. Again, there was no improvement in the ability to predict VFI, although dissection of the PDA was the strongest contributor to the model.
COMMENT
The incidence of VFI among 100 pediatric patients who underwent cardiothoracic surgery at our institution was 8.0%. Retrospective studies [13] [14] [15] [16] found a prevalence of VFI varying from 2.8% to 8.8% (Table 3 ). These retrospective studies have in common the fact that only sympto- matic children had their larynx examined following surgery, which likely underestimates the prevalence of VFI following a cardiothoracic procedure. Previous prospective studies [17] [18] [19] [20] in which every child, despite the presence or absence of symptoms, had his or her larynx examined following a cardiothoracic procedure found a prevalence of VFI varying from 9.1% to 52.2% (Table 3) . There are 3 possible explanations for the lower frequency of VFI in our study compared with that in previous prospective studies. First, we included children who underwent all types of cardiothoracic surgical procedures and not just ligation of the PDA. In our cohort, 7 of 8 patients with VFI underwent ligation of the PDA, and the remaining child underwent ligation of a previous left Blalock-Taussig operation that required similar dissection. Second, we excluded children who had VFI before the cardiothoracic procedure. Flexible laryngoscopy performed before surgery in our population revealed 4 cases of VFI. These 4 children had a history of cardiothoracic surgery. Third, because children with endotracheal intubation before the cardiothoracic procedure could not undergo examination of the larynx beforehand, most premature newborns who were surgical candidates were excluded from our cohort. We observed that this excluded group was younger and smaller at the time of surgery and had more surgical interventions involving dissection of the PDA.
Younger age and lower weight at surgery were significantly associated with VFI on univariate analysis. Compared with children who do not have VFI, children who have VFI are smaller at birth, 16, 19 are more premature, 16, 18, 19 and are younger and weigh less at the time of dissection of the PDA. 16, 18 In our study, the duration of endotracheal intubation was not statistically different between children with vs without VFI, and there were no reports of traumatic endotracheal intubation. We did not perform electromyography or palpation of the cricoarytenoid joint to rule out laryngeal fixation because each of these is an invasive procedure that requires general anesthesia. Our findings suggest that VFI was probably a result of injury to the RLN during surgery and did not occur from the endotracheal tube.
Use of monopolar cautery for dissection and hemostasis for the surgical procedure was performed in all patients with VFI; however, it was significantly associated with VFI only on univariate analysis. No previous study has shown this association. Demyelination within the RLN following thermal injury was the proposed mechanism of nerve dysfunction.
Circulatory arrest was also significantly associated with VFI on univariate analysis. It was performed if necessary to open a blood-filled structure that could not be isolated from the rest of the circulation, mostly aortic arch repairs with dissection down to the level of the PDA and close to the RLN. This is also the case in left pulmonary arterioplasty surgery, where dissection is frequently carried through the pericardium and on the left lower pulmonary lobe close to the RLN. In contrast, bypass was not associated with VFI. Transesophageal echocardiography almost reached statistical significance on univariate analysis; notably, children who had intraoperative TEE monitoring had a lower chance of developing VFI. Kawahito et al 11 also found no association between TEE and VFI among 116 patients older than 5 years who underwent cardiothoracic surgery. In our study, logistic regression models failed to corroborate results of the univariate analysis, possibly because of the few patients with VFI.
Stridor, hoarseness, and weak cry were associated with VFI on univariate analysis but, like TEE, showed no association on multivariate analysis. One possible bias is the fact that assessment of a child's symptoms was frequently performed at the same time as flexible laryngoscopic examination with visualization of the vocal fold status. This bias could have been avoided if voices of all children had been recorded and further analyzed by another pediatric otolaryngologist blinded to the laryngeal images. This study is under way.
Impression of injury to the RLN by the surgeon was associated with VFI on univariate analysis. A notable finding is that there was higher risk of VFI whenever the surgeon visualized the RLN. Normally, pediatric cardiothoracic surgeons do not search for the RLN; when this nerve is visualized, it is because it is because the surgical procedure was in close proximity to the RLN. In thyroid surgery, it is a standard of care to identify the RLN to avoid potential VFI. 24 In this situation, there is usually enough room when the nerve is visualized to avoid significant cautery or traction injury. However, in pediatric cardiothoracic surgery, the surgeon has already dissected or cauterized too close to the RLN when the nerve is seen. A possible way to identify the RLN during surgery without dissecting too closely is via electromyography. Odegard et al 25 developed a technique to monitor the RLN during video-assisted thoracoscopic surgery for ligation of the PDA. A probe allowed direct stimulation of the left RLN inside the thorax, and needle electrodes placed percutaneously in the neck allowed recording of evoked electromyograms from both RLNs using a neurological monitor. Electromyography of the left RLN was easily obtained in 59 of 60 children studied, and the authors concluded that this technique was easy to perform and effective in identifying the position of the RLN.
In our study, dissection of the left or right pulmonary arteries or the descending aorta was statistically significantly associated with VFI on univariate analysis. Not surprisingly, these 2 entities are correlated. In addition to the close proximity between these structures and the RLN, dissection of the right and left pulmonary arteries is associated with use of monopolar cautery, and the descending aorta is frequently dissected in ligation of the PDA. The composite variable comprising dissection of the left and right pulmonary arteries and descending aorta improved the association with VFI only slightly. Logistic regression analyses with different combinations of potential predictors failed to demonstrate any associations with VFI.
In conclusion, the patients in our study with VFI were younger and weighed less than the patients with normal vocal fold movement. Univariate analysis yielded significant findings for several variables; however, these results were not significant on multivariate analysis. Although circulatory arrest and dissection or ligation of the right and left pulmonary arteries and the descending aorta ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 137 (NO. 6), JUNE 2011
